dy1 and dsy1 mutants make SCs but lose sister cohesion § Present address:
et al., 1993). Finally, the Drosophila ord mutant exhibits early prophase defects and absence of sister cohesion prior to metaphase I (Bickel et al., 1997). Correspondingly, MEI-S332 protein localizes to centromere regions from prometaphase I to anaphase II (Moore et al., 1998), while Red1p localizes along chromosomes throughout prophase (Smith and Roeder, 1997). Notably, except for meiS322, these mutants are also defective in meiotic recombination, suggesting that critical aspects of meiotic interhomolog interactions are functionally related to the intersister interaction process (e.g., Kleckner, 1996; Roeder, 1997) .
To shed light on the relationships among these diverse processes, we have further analyzed the roles of the Sordaria SPO76 gene. Previous studies have shown that the spo76-1 mutant is defective in meiotic sister chromatid cohesion and mitotic DNA repair (Moreau et al., 1985; Huynh et al., 1986) . Here, we report cloning of SPO76, Spo76p localization throughout mitosis and meiosis, and further analysis of spo76-1 phenotypes. Such analysis is facilitated by the fact that Sordaria chromosomes Metaphase and Anaphase The cytological localization of Spo76p was determined verify that we had cloned the SPO76 gene and not a suppressor, the spo76-1 allele and the wild-type allele using epitope-and reporter-tagged versions of the protein, carrying carboxy-terminal additions of, respecfrom the isogenic parent strain were also sequenced. The spo76-1 allele differs from the isogenic wild-type tively, a triple hemagglutinin (HA) epitope and green fluorescent protein (GFP). Each construct, when introby two deletions: a 1 bp deletion causes a frameshift, but the reading frame is subsequently restored by the duced into a spo76-1 strain, complemented the spo76-1 meiotic and sporulation defects with exactly the same second deletion of 11 bp. The two mutations together . In all cases, foci were much brighter transformation (4 in total) was 10.5 for -HA, 9.8 for -GFP in telophase and prophase nuclei than in interphase and 9.5 for the 6.4 kb subclone.
nuclei. Spo76p staining is exclusively observed in nuclei. Spo76p localizes as foci in nuclei of all mitotic stages Spo76p Localizes along Meiotic Chromosomes except metaphase and anaphase. The disappearance as Foci at Early and Late Prophase of Spo76p at prometaphase precedes any discernible and as Lines at Midprophase separation of sisters (the metaphase/anaphase transiBy both approaches, meiotic prophase nuclei are more tion). Foci are best defined in nuclei from cells of the brightly stained than any other nuclei of either vegetative sexual cycle, which are larger (Figures 2A and 2B) . Such or sexual cycles. Meiotic stages can be defined indepennuclei exhibited ‫72ف‬ Spo76-GFPp foci (range 19-36 dently of chromosome status by three criteria: the ascus among 100 nuclei representing all relevant cell cycle length, which increases 10-fold from leptotene to metastages). Foci were usually seen located along the chrophase I; the nucleolar shape and localization when commosomes, but in nondividing nuclei they sometimes also pared to the chromosome mass; and the nuclear volume, occurred outside of the main chromosome area. Spo76-HAp gave the same results except that foci were both which increases progressively (5-fold) during prophase.
Before karyogamy, Spo76-GFPp is observed in foci. Concomitant with nuclear fusion, these foci become organized into short lines, a change that initiates preferentially at the chromosome ends ( Figures 2D and 2E) . Thereafter, Spo76-GFPp stains as continuous lines along the lengths of all unsynapsed (leptotene), synapsing (zygotene), and synapsed (pachytene) chromosomes ( Figures 2F-2H) .
Spo76-HAp exhibits this same staining pattern except that finer details can be seen. At early leptotene, each chromosome has a single continuous line of regularly spaced dots plus some fainter foci in what we infer to be the peripheral chromatin ( Figure 2I ). From late leptotene to midpachytene, continuous lines are observed, though vigorously spread chromosomes exhibit contiguous regularly sized dots at these stages as well (illustrated for early zygotene in Figure 2J ). At late pachytene, however, a punctuate pattern of staining is always seen, with linear rows of dots (2.07 Ϯ 0.2 foci per m along 50 bivalents) that are more prominent and less regular in spacing and size than earlier ( Figures 2K and  2L ). Interestingly, foci on homologs do not always occur at matching positions (arrowhead in Figure 2L ).
Spo76p was shed from the bivalents at diplotene by both approaches, but with slightly different patterns. For Spo76-HAp, the bright pachytene punctuate pattern ( Figure 2L ) is rapidly lost when cells enter the diffuse stage preceding diplotene ( Figure 2M ), and diplotene nuclei contain only small foci spread over the entire chromatin mass (Figures 2N and 2O ). For Spo76-GFPp, in contrast, early diffuse-stage nuclei still contain seven bright lines, but these are no longer axes associated, as deduced from the fact that they are seen in a different focal plane from the chromatin mass of the bivalents ( Figures 2P and 2Q ). These lines subsequently break into smaller spots until, finally, GFP fluorescence is lost after middiplotene. With respect to external staging cri- The SPO76 GFP-tagged sequence exhibited the same lengths of leptotene, zygotene, and early pachytene spo76-1 mutation were seen at prometaphase. First, while prometaphase nuclei are rare in wild-type mycelia and protoplasts (5/100 nuclei), they were frequently observed in spo76-1 (60/100), implying prolongation of this stage in the mutant. Second, mutant chromosome morphology and morphogenesis are significantly altered. In wild-type mitoses, chromosome compaction proceeds smoothly from modest chromosome individuality at prophase to a fully compacted metaphase condition; moreover, sister chromatids are never discernibly distinct ( Figure 4C ) until anaphase. In spo76-1 prometaphases, in contrast, (a) chromosomes exhibit segments in which sister chromatids are distinctly separated from one another (arrowhead in Figure 4D ); (b) chromatin has a markedly fuzzy appearance (compare Figures 4D and 4C) ; (c) chromosomes are longer than normal for this stage; and (d) some chromosome segments or arms exhibit a kinky appearance, indicative of higher order coiling/ folding (arrow in Figure 4D ), again a morphology never observed in the 100 analyzed wild-type nuclei. Interestingly, the sister chromatid cohesion and the axial compaction phenotypes vary in concert along the chromosome arms ( Figure 4D ; Discussion). However, despite these differences at prometaphase, mutant and wild-type nuclei are essentially indistinguishable at later stages. During the metaphase/anaphase transition, spo76-1 chromosomes are as compact sence of aneuploidy). Second, anti-tubulin immunofluorescence revealed that mitotic spindles showed no gross abnormalities. Third, electron microscopy conchromosomes in both wild type ( Figure 3A ) and spo76-1 firmed that spo76-1 chromosomes, microtubules, and ( Figure 3C ). The MPM-2 signal is much narrower than SPBs were similar to wild type, at least in premeiotic the DAPI signal at all times and, at pachytene, forms a mitoses ( Figure 4G ). Finally, despite a prometaphase single line running down the middle of the bivalent (Fig- pause, spo76-1 exhibits an essentially normal growth ures 3D and 3E). However, some peripheral chromatin rate at a wide range of temperatures (13ЊC, 23ЊC, 30ЊC, staining can be observed, for example, as tiny, faint foci and 34ЊC). in a halo around the axial signal (e.g., arrow in Figure  3D ). Staining is no longer detectable after pachytene.
spo76-1 Exhibits Axial Element Splitting plus MPM-2 and Spo76p staining (above) are contemporaCoordinate Absence of Synaptonemal neous. Interestingly, the MPM-2 signal is narrower than Complex Formation the Spo76-GFPp signal ( Figures 3F and 3G) . In fully
The ultrastructural hallmark phenotype of the spo76-1 synapsed bivalents, the Spo76-GFPp lines define a narmutant was splitting and discontinuity of AEs at midprorower region of each bivalent than that of DAPI-stained phase (Moreau et al., 1985) . Serial reconstructions of 20 chromatin, implying preferential localization of Spo76p prophase nuclei, nine available from previous work and in the vicinity of the chromosome axes (Figures 3H and eleven more made for the current study, revealed addi-3I). Thus, while both signals are axis associated, the tional spo76-1 defects. In wild type, AEs are formed as MPM-2 epitopes appear to be more tightly localized to small stretches just after karyogamy and are complete the bases of the chromatin loops than is Spo76p. This at leptotene for all chromosomes. The same is true for result suggests that Spo76p may establish sister cohespo76-1 except that AEs were clearly less dense and sion in relationship with, but immediately above, the AEs more irregular in shape than in wild type (compare Fig-(i.e., in a "supraaxial" position) .
ures 5A and 5B). Since wild-type AEs are less regular at early than at late leptotene, the spo76-1 mutation may spo76-1 Exhibits Defective Mitotic Chromosome "exaggerate" these early phenotypes.
Morphogenesis at Prometaphase
Wild-type zygotene and pachytene nuclei always but Not at Later Stages show, respectively, seven synapsing and regularly synThe effect of spo76-1 on mitosis was examined by light apsed SCs. Mutant nuclei, in contrast, were all abnorand electron microscopy. Prophase was normal (commal, in several respects. Most AEs showed split segments, with all split AEs being half as wide as unsplit pare Figures 4A and 4B) , but striking effects of the implying that sister chromatids fully separate prematurely (Moreau et al., 1985) . To understand this phenotype, we performed a detailed LM study of spo76-1 meiosis.
The mutant shows normal fruiting-body development, implying that premeiotic stages including karyogamy are occurring normally. In wild-type prophase, chromosomes are straight and clearly individualized from leptotene ( Figure 6A) through pachytene (Figures 6B and 6C) . The corresponding spo76-1 nuclei, in contrast, showed mainly kinky and diffuse chromosomes (compare respectively Figures 6D, 6E, and 6F) . The presence of kinkiness (arrowheads in Figures 6D and 6E) implies some tendency for folding/coiling of mutant chromosomes, a feature never observed during wild-type meiotic prophase (Figures 6A-6C ). In addition, spo76-1 chromosomes exhibited coordinate regional defects in sister cohesion and homologous synapsis from late leptotene onward (e.g., arrows in Figure 6F ; Discussion). Thus, the AE and SC defects are also reflected at the level of bulk chromatin.
Wild-type chromosomes exit pachytene into the diffuse stage, where chromosome individualization is lost, and then reemerge into diplotene, where sister chromatids are closely juxtaposed but homologs are separated except at chiasmata. While the diffuse stage was grossly similar in both strains ( Figures 6G and 6H) , the onset of diplotene in the mutant showed important differences. In wild-type nuclei, chromatin condenses progressively, Since the mutant still exhibited seven bivalents at pachytene, albeit with a tendency for sister splitting, additional loss of cohesion must occur specifically during the difones (arrowhead in Figure 5C ). Overall, few AEs could fuse stage-diplotene transition. be followed from telomere to telomere because split At prometaphase and metaphase I, the final degree regions, whose two "half AEs" extended widely from of chromosome compaction ( Figures 6K and 6L ) and one another (Figure 5D ), were often broken. The total spindle formation ( Figures 6M and 6N ) is similar in both AE length (split plus unsplit) per nucleus was, however, strains. At anaphase I, the 28 chromosomes of the muapproximately normal (79-86 m versus 86-96 m in tant segregate randomly on an elongated spindle (Figure wild type), suggesting that discontinuities reflect primar-6N). The mutant also undergoes a cell cycle arrest at this ily breaking, rather than disassembly of AE components.
stage: 2-week-old asci still exhibit elongated spindles, Nuclei contained only 2-11 SC pieces per nucleus, repwhereas wild-type asci form eight ascospores after 4 resenting 10% of the wild-type SC length. Interestingly, days. Presumably, since individualized sister chromasplit AE and SC morphologies varied coordinately along tids cannot undergo bipolar alignment, absence of tenthe chromosomes; when SC was present, AEs were sion activates the spindle attachment checkpoint (see intact, and in regions with split AEs, SCs were absent, Nicklas et al., 1995). Only 1%-5% of the asci go through though a few segments exhibited unsynapsed but unmeiotic second division, and even fewer form ascosplit AEs. Also, virtually all centromeric regions (identifispores. None of the 200 tested ascospores ever germiable as fuzzy densities irrespective of AE/SC status) nated (versus 99% germination in wild type). remained connected by a piece of SC or two intact AEs ( Figure 5D ).
spo76-1 Is More Defective for Late Recombination Nodules Than for Formation of Dmc1p and Rad51p Foci spo76-1 Exhibits Diffuse, Kinked, and Partially Split Chromosomes at Meiotic Midprophase
Since a spo76-1 homozygote produces no viable ascospores, recombination levels cannot be measured.
plus Full Sister Separation and Delayed Chromosome Compaction at
Moreover, since chromatid cohesion is lost before diplotene, recombination cannot be evaluated by counting Diplotene/Prometaphase A striking feature of spo76-1 meiosis is that, by LM, 28 chiasmata. A role for SPO76 in recombination can, however, be inferred by analyzing recombination nodules. chromosomes are regularly observed at metaphase I rather than the 7 bivalents seen in wild type (n ϭ 7),
In Sordaria, as in other organisms, SC-associated late , 1999) . Interestingly, however, the conditional lethal phenotype conferred by the bimD6 mutation can be suppressed by a mutation in the gene encoding SUDA, the Aspergillus homolog of the cohesin protein Smc3p (Holt and May, 1996) . Furthermore, the timing of Spo76p localization is similar to that observed for Xenopus cohesins, which also are depleted from chromosomes at or before metaphase (Losada et al, 1998) . Thus, the possibility remains open that Spo76p is an additional member of the cohe- 
H., unpublished results). the temperature-sensitive lethality conferred by a bimD6
Spo76p is found associated with chromosomes in the mutation (D. v. H., unpublished results), implying direct meiotic program similarly as during the mitotic program functional homology between the cognate proteins. Acexcept for increased continuity at meiotic prophase, a cordingly, existing mutants of SPO76, BIMD, and PDS5 difference concordant with meiosis-specific aspects of show interrelated defects in chromosome morphogenethis period. These findings (below) suggest that Spo76p sis during the mitotic cycle. The spo76-1 mutant is is a component of basic chromosome structure recruited defective in sister chromatid cohesiveness and chromoand functionally adapted for the meiotic program. some compaction at prometaphase and is hypersensitive to DNA damage (above). At nonpermissive temperature, the bimD mutants show random chromosome A Critical Role for Spo76p at the Transition from Prophase to Prometaphase localization along the spindle and anaphase arrest, phenotypes consistent with a cohesion defect; at permisin the Mitotic Cycle The spo76-1 chromosomes are morphologically normal sive temperature they exhibit DNA damage hypersensitivity (Denison et al., 1992) . The pds5 mutant exhibits at all stages of the mitotic cycle except at prometaphase. This stage corresponds to the transition between precocious dissociation of sister chromatids (SGDID S0004681). Since BIMD is an essential gene (Denison et the extended prophase chromosome configuration and the more compact metaphase configuration. The spo76-1 al., 1992), the same is likely true of SPO76, with spo76-1 being a specialized, non-null allele.
phenotype fits with the notion that the onset of higher order compaction represents a discrete transition point Interestingly, Spo76p is also significantly homologous to the products encoded by two human sequences. in chromosome morphogenesis, in which Spo76p may play a critical role. Interestingly, also, mutant nuclei acSince the BIMD gene occurs as a single copy in the Aspergillus genome (Denison et al., 1992) , a gene duplicumulate at the point of the defect, implying that exit from prometaphase is delayed for structural and/or regcation might have occurred during evolution, possibly with concomitant functional specialization of the two ulatory reasons. The prometaphase mutant phenotype includes degenes. Two facts suggest that SPO76, while required for both mitotic and meiotic divisions, may also play a fects in sister chromatid cohesion, axial shortening, and chromatin compactness, which points to functional cocrucial role during the G1-S interval. First, Spo76p is present in all nondividing nuclei. Second, overexpresordination among these three different aspects of chromosome morphogenesis. A mutant situation in which sion of the BIMD gene is lethal because it blocks cells sister cohesion and chromosome compaction are coorBoth include chromosomal diffuseness; each involves a prominent defect at a specific transitional stage; and dinately disrupted was first described for yeast mcd1 in both cases, chromosome arms exhibit a binary re-(Guacci et al., 1997). Interestingly, the spo76-1 defects sponse in which some regions exhibit split sisters and vary in concert, from region to region along the chromoa less ordered conformation, while other regions exhibit some arms: a split and loose morphology alternates unsplit sisters and a more ordered conformation. Inwith a conjoined and tight morphology that includes deed, in a precise analogy, wide separation of split AEs pronounced kinking. This pattern provides strong evicould imply local chromatin bulkiness, which precludes dence that the three different aspects of chromosome intimate juxtaposition of nonsister axes into the SC, morphology not only involve common components but while unsplit regions might have more compact chromaare directly coupled at the mechanistic level. A similar tin and thus be able to make SCs. Also, in both cases, situation has also been observed for Indian muntjack centromeres remain largely unaffected. It is therefore mitotic chromosomes (Gimenez-Abian et al., 1995) . In tempting to envision that meiotic leptotene/zygotene that system, prometaphase corresponds to a transition transition is, in fact, the meiotic equivalent of the mitotic between prophase chromosomes having a single conprophase/prometaphase transition, with Spo76p playjoined linear core (silver stained) and metaphase/anaing analogous roles in both situations. phase chromosomes having two cores that are split and There is, however, one obvious difference between kinked. Chromosomes progress through intermediate the two transition points: the mitotic prophase/prometamorphologies, and the first of these is essentially identiphase transition signals the onset of higher order chrocal to the spo76-1 prometaphase: along the chromomosome folding/coiling, while during meiosis this phase somes, regions of conjoined kinked cores alternate with does occur much later, after the diffuse stage. This difregions of straight, less well-defined, and separated ference can be explained by saying that the same trigcores.
gering chromosomal transition occurs in both cases but On the basis of these data, we could suggest that the in meiotic midprophase does not provoke chromosome prophase to metaphase transition involves the imposicoiling/folding due to the extra stiffness/resistance from tion of special forces on the chromosomes as required the chromosomes, which have structurally prominent, for initiation of higher order compaction and that Spo76p very straight axes (AEs) as compared to their mitotic is required for chomosome integrity during this transiprophase counterparts. Such a scenario is supported tion, as part of the force transduction mechanism. In directly by the fact that spo76-1 exhibits chromosome spo76-1, the force or stress is imposed normally but kinking from late leptotene through pachytene. This findthen relieved, on a region by region basis, either by loss ing implies that some sort of force for axial compaction of both cohesion and chromatin compactness or by a is exerted at the appropriate stage and, moreover, that relatively normal process in which cohesion and comSpo76p is required for the normal block to such compacpactness are maintained and axial coiling/folding occurs tion. Furthermore, the fact that Spo76p exhibits more but in an attenuated form. The finding that spo76-1 exhibits high levels of Dmc1p The fact that SC forms only in regions of unsplit AEs and Rad51p foci at leptotene, but a strong deficit of could reflect an intrinsic inability of SC to form between LNs at midzygotene/pachytene, points to a defect in the "half AEs." SCs can, however, form perfectly normally recombination process between these two stages (i.e., in such a situation: in the Coprinus mutant spo22, which at the same midprophase period where chromosome skips premeiotic S phase, single chromatids form AEs morphogenesis is especially aberrant). Since many or and these "half AEs" synapse into regular SCs (Pukkila all stages of meiotic recombination occur in spatial aset al., 1995). Thus, we favor the alternative interpretation sociation with the chromosome axes (review in Kleckfor spo76-1 that AE splitting and formation of SCs with ner, 1996; Roeder, 1997), it is tempting to link the reunsplit AEs comprise two alternative responses, implecombination defect with an underlying defect in axial mented on a region-by-region basis, to a single underlychromosome morphogenesis, specifically one that is ing problem that arises at the leptotene/zygotene tranrelated to intersister cohesion. Thus, during meiotic prosition.
phase, we could suggest that Spo76p again serves as The meiotic midprophase spo76-1 phenotype is strika transducer of a disruptive chromosomal transition, as during mitotic prometaphase, except that now the ingly similar to the mitotic prometaphase phenotype. meiosis-specific role at this point (e.g., via effects in the peripheral chromatin where Spo76-GFPp is seen
